Mustonen H, Hietaranta A, Puolakkainen P, Kemppainen E, Paimela H, Kiviluoto T, Kivilaakso E. Ethanol induced NF-B activation protects against cell injury in cultured rat gastric mucosal epithelium.
THE TRANSCRIPTION FACTOR NF-B is involved in many adaptive responses to pathological insults and stress. NF-B regulates gene transcription of many important mediators of inflammatory response (9) . NF-B is a large family of dimeric transcription factors that bind to the common consensus sequence 5Ј-GGG(A/G)NN(T/C)(T/C)CC-3Ј, where N is any base. The classical NF-B is composed of a p65/p50 heterodimer also called RelA/NF-B1. Many different signaling pathways can activate the NF-B pathway, and this activation may vary in different physiological conditions (20) . Furthermore, the genes activated by the NF-B pathway depend on nuclear activators and other transcription factors (20) . Usually the activation of the NF-B pathway leads to an antiapoptotic response in cells.
However, in some cases NF-B pathway activation may also promote apoptosis or regulate it in both directions (2) . Because of the complex role of the NF-B pathway, we explored the effects and outcomes of ethanol-induced activation of NF-B. Ethanol has diverse effects on the NF-B pathway. In human umbilical vein endothelial cells and human monocytes, ethanol inhibits lipopolysaccharide-induced NF-B activation (10, 13, 25) . On the other hand, in primary cultured cerebrovascular smooth muscle cells (1) as well as in human astroglial cells (5) , ethanol induces NF-B activation. We have recently studied this aspect in rat gastric surface epithelial cells, in which ethanol induced NF-B activation (19) .
Heat shock proteins are stress-induced proteins that are involved in protection against various cellular injuries. They are molecular chaperones providing protection against apoptosis and repairing damaged proteins (15) . The major heat shock proteins are in the HSP27, HSP60, HSP70, and HSP90 families. The HSP27, HSP70, and HSP90 families usually inhibit apoptosis directly or indirectly by inhibiting effector caspase-3 activity (24) . HSP synthesis is regulated by heat shock factor-1 (HSF-1), and in their normal state HSP70, HSP90, and other chaperones bind to transcription factor HSF-1, keeping it cytoplasmic. Under activation, the molecular chaperones prefer to bind stress-induced misfolded proteins and release HSF-1 for nuclear translocation. HSF-1 forms a trimer and binds to the heat shock consensus sequence, thereby activating a heat shock response together with nuclear machinery.
This study investigates NF-B activation by ethanol in gastric mucosal cells and assesses the effects of heat shock pretreatment in this ulcerogenic situation, because both of these factors are involved in the adaptive response to various pathological insults but their mutual interplay is not well established in gastric mucosa. We found out that ethanol induces NF-B activation and that inhibition of this activation enhances ethanol-induced apoptotic and necrotic cell death. On the other hand, heat shock pretreatment opposed the actions induced by ethanol, leading to decreased apoptotic and necrotic activity.
MATERIALS AND METHODS
Rat gastric mucosal cell line cells (RGM-1) were grown in cell culture medium to confluent monolayers at 37°C in a humidified atmosphere containing 5% CO 2 in air. The medium contained an equal mixture of Ham's F-12 and DMEM (DMEM-F-12) supplemented with inactivated 20% fetal bovine serum, 100 U/ml penicillin, 100 g/ml streptomycin, and 0.125 g/ml amphotericin. The cells were exposed for different time intervals to different ethanol concentrations at 37°C. Heat shock was induced by incubating the cells in the cell culture medium at 42°C for 1 h and thereafter at 37°C for 1 h prior to exposure to ulcerogenic agents. For evaluation of NF-B activation and IB degradation, nuclear and cytoplasmic protein extracts were prepared as described by Schreiber et al. (23) , and protein concentrations were determined by colorimetric Bradford assays (3).
EMSA. A DIG Gel Shift kit (Roche, Mannheim, Germany) was used for EMSA assays. The oligonucleotide probe (59-AGTT-GAGGGGACTTTCCCAGGC-39; Promega, Madison, WI) containing the B binding motif was end-labeled with DIG-ddUTP. This labeling was accomplished by adding 4 l 5ϫ labeling buffer, 5 mM CoCl2, 0.05 mM DIG-ddUTP, and 2.5 U/l terminal transferase to 3.85 pmol double-stranded oligonucleotide (in 10 l double-distilled water) and incubating the mixture at 37°C for 30 min. These agents are included in the DIG Gel Shift kit, except the oligonucleotide. After incubation, the reaction was stopped by adding 2 l 0.2 M EDTA (pH 8.0), and thereafter 3 l double-distilled water was added. The final concentration of the labeled oligonucleotide in the binding reaction was 0.4 ng/l. For the binding reaction, 9 g of the sample protein in 20 l binding buffer was incubated for 20 min at room temperature with 0.5 g poly(dI-dC), 0.1 g poly L-lysine, and 0.8 g labeled oligonucleotide. DNA-protein complexes were resolved in a 7% nondenaturing polyacrylamide gel in a TBE buffer (22.5 mM Tris, 22.5 mM boric acid, and 0.5 mM EDTA, pH 8.3) at 100 V for 1.5-2 h at 4°C. The samples were transferred to positively charged nylon membranes (Roche) by electroblotting for 30 min with a 0.4 A constant current. After being blotted, the oligonucleotides were crosslinked for 3 min under ultraviolet light. Thereafter the membrane was washed with a solution containing 100 mM maleic acid, 150 mM NaCl, and 0.3% Tween 20 at pH 7.5 for a few minutes and the membrane was moved to the blocking solution (DIG Gel Shift kit) for 40 min. Thereafter the membrane was incubated in the blocking solution with anti-digoxigenin-AP Fab fragments (1:1,000; Roche) for 30 min, then it was washed in washing solution for 30 min. The membrane was moved to detection buffer containing 100 mM Tris⅐HCl and 100 mM NaCl at pH 9.5. The detection buffer was supplemented with 100 g/ml disodium 3-{4-metoxyspiro[1,2Ј-(5Ј-chloro)tricyclo(3.3.1.1 3.7 )decan]-4-yl}phenylphosphate (CSPD), and this CSPD working solution was applied to the membrane. The membrane was incubated for 5 min at room temperature and further at 37°C for 10 min, after which it was exposed to an X-ray film for 40 min. NF-B bands from films were quantitated by using an imageanalysis program (ImageJ; National Institutes of Health, Bethesda, MD). NF-B DNA-binding activity of a sample was calculated in proportion to NF-B DNA binding of controls and TNF-␣-stimulated
Western blot analysis. Equal amounts of cytoplasmic protein extracts (5-10 g) were diluted in Laemmli sample buffer with 5% mercaptoethanol. After incubation for 5 min at 95°C, the samples were resolved in 10% polyacrylamide gels in Tris-glycine-SDS buffer. The gels were transferred to nitrocellulose membranes and blocked in 5% nonfat dry milk in PBS, pH 7.5, containing 0.1% vol/vol Tween 20 (PBST-milk). Blots were then incubated overnight with polyclonal rabbit anti-IB (catalog no. sc-371), rabbit-anti-p65 (catalog no. sc-372), goat-anti-HSP27 (catalog no. sc-1048), goatanti-HSP70 (catalog no. sc-1060), or goat anti-heme oxygenase-1 (catalog no. sc-1797) antibodies from Santa Cruz Biotechnology (Santa Cruz, CA) or rabbit anti-COX-2 (catalog no. 160126) or rabbit anti-iNOS (catalog no. 160862) from Cayman Chemical (Ann Arbor, MI) at 1:1,000 vol/vol dilution in PBST-milk at 4°C. The membranes were washed in PBST and were incubated for 1 h with horseradish peroxidase-conjugated anti-rabbit IgG (catalog no. sc-2004) or antigoat IgG (catalog no. sc-2033) (Santa Cruz Biotechnology) at 1:5,000 vol/vol dilution in PBST-milk. After the washing, protein bands in the membranes were visualized by enhanced chemiluminescence (Pierce, Rockford, IL).
Detection of specific transcription factor activities with ELISA. A BD Mercury TransFactor assay kit (p65; BD Bioscience Clontech, Palo Alto, CA) was used to detect different transcription factors from nuclear extracts. In short, wells coated with the consensus binding sequences for the NF-B transcription factor were blocked for 15 min with the TransFactor blocking buffer. The blocking buffer was removed, and 30 g of nuclear extract were added to the wells in TransFactor buffer and was incubated for 60 min. Positive-control cell extracts, mutant DNA-coated wells, and competitive oligo controls were used as positive and negative controls. Thereafter the wells were washed four times, incubated with the primary antibody (rabbit anti-p65, 60 min), washed four times, and incubated with the secondary antibody (anti-rabbit-horseradish peroxidase, 30 min). After the final washing, tetramethyl benzidine substrate was added to the wells for 10 min, the reaction was stopped with stopping buffer, and the absorbance was read at 655 nm with a Victor 2 plate reader (PerkinElmer, Turku, Finland).
XTT assay. The tetrazolium salt sodium 3Ј-[1-(phenylaminocarbonyl)-3,2.tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonic acid hydrate (XTT) is cleaved by mitochondrial dehydrogenases to formazan salts. Formazan salts can be detected with spectrophotometric absorbance measurements. Thus the mitochondrial activity can be measured with this technique, and it has been used as a cell proliferation and cytotoxicity assay (21) . RGM-1 cells were grown on 96-well plates to confluent monolayers as above at 37°C in a humidified atmosphere containing 5% CO 2 in air. Test compounds of 0 -10% vol/vol ethanol in the cell culture medium were added to the cells. The total volume in each well was 150 l, including 50 l XTT labeling mixture from the Cell Proliferation kit II (Roche), giving a final XTT concentration of 0.3 mg/ml. The plate was incubated for 2 h with test compounds and thereafter for 2 h with XTT reagents and test compounds in an incubator (37°C, 5% CO2), and the absorbance was measured with a Victor 2 plate reader at 490 nm. The reference absorbance at 650 nm was subtracted from the results. The percentage of mitochondrial activity was calculated from the absorbance measurements as 100 ϫ (cells treated with test agent Ϫ untreated cells)/ (untreated cells).
LDH assay. The release of LDH from damaged cells was measured with CytoTox-ONE (Promega) homogenous membrane integrity assay. Release of LDH from damaged cells is measured by supplying lactate, NADϩ, and resazurin as substrates in the presence of diaphorase. Generation of the fluorescent resorufin is proportional to the amount of LDH released. RGM-1 cells were grown on 96-well plates to confluent monolayers at 37°C in humidified atmosphere containing 5% CO2 in air. Test compounds of 0 -10% vol/vol ethanol were added to the cells in the cell culture medium for 4 h. Maximum LDH release was determined by adding 2 l of the CytoTox-ONE lysis buffer to 11 wells for 10 min. The assay was performed in black 384-well plates by adding 25 l of the sample supernatant and 25 l of CytoTox-ONE reagent, after which the plate was shaken for 10 s. After 10 min of incubation, 12.5 l CytoTox-ONE stop solution was added and the plate was again shaken for 10 s. The fluorescent signal was measured with a Victor 2 plate reader with 546 nm excitation and 615 nm emission. The percentage of membrane disintegration was calculated from the fluorescence intensities as 100 ϫ (cells treated with test agent Ϫ untreated cells)/(lysed cells Ϫ untreated cells).
Caspase-3 assay. Caspase-3 activity was measured with a LANCE caspase-3 kit (Wallac, Turku, Finland). The caspase-3 substrate in this assay is a hexapeptide (CDEVDK) with a fluorescent europium chelate coupled to one end and a quencher of europium fluorescence (QSY 7) coupled to the other end via lysine. Active caspase-3 will cleave this substrate and the quencher, and europium chelate will be separated. For the activity assay, 5 l of samples were added to 15 l of diluted caspase-3 substrate solution (dilution in reaction buffer from the LANCE caspase-3 kit with 10 mM DTT). The final substrate concentration in the assay was 200 nM. After 2 min of slow shaking, the samples were incubated for 1 h at 37°C and were measured with time-resolved Victor 2 fluorometer using 340 nm excitation and 615 nm emission wavelengths. Black 384-well plates were used for this assay. The fluorescence values of blank samples were subtracted from the results obtained for the samples. Caspase inhibitor N-acetyl-AspGlu-Val-Asp-CHO (aldehyde) (Pharmingen, San Diego, CA) was used (100 nM) as a negative control.
Short interfering RNA experiments. Short interfering RNA (siRNA) experiments were performed to reduce p65 expression in RGM-1 cells. RGM-1 cells cultured on multiwell plates were transfected with a siGENOME SMARTpool rat RelA siRNA pool (100 nM, catalog no. M-080033-00-0010; Dharmacon, Lafayette, CO) with DharmaFECT 4 reagent. In short, 2 M siRNA was diluted with an equal volume of DMEM-F-12, and in a separate tube Dharma Statistics. The results are expressed as means Ϯ 95% confidence intervals. Student's unpaired t-test and ANOVA were used for statistical analysis of the raw data. P values Ͻ0.05 were considered statistically significant. In multiple comparisons, the Bonferroni correction was used by lowering the critical significance probability to P Ͻ 0.05/n, where n is the number of multiple comparisons. The EMSA and Western blot gels shown are representative of at least three such gels prepared from independent experiments.
RESULTS

The effects of ethanol on NF-B activation and the effect of heat shock pretreatment on ethanol-induced NF-B activation.
NF-B activation was measured in ethanol-exposed rat gastric epithelial cells with or without heat shock pretreatment with either an EMSA-or an ELISA-based technique. Exposure of cultured RGM-1 to 5% ethanol for 4 h induced NF-B activation (82.3 Ϯ 5.6% of TNF-␣-induced NF-B activation; Fig. 1 ). Lower ethanol concentration (4%) caused lesser activation (Fig. 1B) . Intracellular calcium chelator BAPTA prevented ethanol-induced NF-B activation (from 82.3 Ϯ 5.6% to 34.3 Ϯ 7.0% with 5% ethanol; P ϭ 0.03; Fig. 1C ). Likewise, heat shock pretreatment also prevented ethanol-induced NF-B activation (from 82.3 Ϯ 5.6% to 33.2 Ϯ 3.1% with 5% ethanol; P ϭ 0.02; Fig. 1C ). The ethanol-induced NF-B activation was concentration dependent (Fig. 2A) , and the maximal activation was detected at 3 h of incubation (Fig. 2B) . Heat shock pretreatment induced synthesis of heat shock proteins HSP27 and HSP70 (Fig. 3) . On the other hand, 3 h of ethanol exposure did not significantly induce heat shock protein synthesis (Fig. 3A) . Together, these results indicate that ethanol induces the activation of the NF-B pathway in a Controls were incubated in normal serum-free DMEM-Ham's F-12 (DMEM-F-12) medium at 37°C in 5% CO2. Ethanol samples were incubated for 4 or 6 h with 4 or 5% vol/vol ethanol in serum-free DMEM-F-12 medium at 37°C in 5% CO2. TNF-␣ samples were incubated for 30 min in 10 ng/ml TNF-␣ in serumfree DMEM-F-12 medium at 37°C in 5% CO2. Heat shock-pretreated samples (HS) were incubated in normal serum-free DMEM-F-12 medium at 42°C in 5% CO2 for 1 h, after which they were incubated for 1 h at 37°C in 5% CO2 prior to further experimentation. The BAPTA samples were incubated with 20 M BAPTA-AM in serum-free DMEM-F-12 medium at 37°C in 5% CO2 for 30 min prior to further experimentation. B and C: NF-B DNA-binding activity was quantified densitometrically from 5 EMSA assays as shown in A for 4% (B) and 5% (C) ethanol. TNF-␣-induced NF-B DNA-binding activity was set to 100%, and that of the controls was set to 0%. *P Ͻ 0.05 compared with ethanol with Bonferroni correction.
calcium-dependent manner and that heat shock pretreatment prevents this NF-B activation.
The effects of ethanol, heat shock pretreatment, and inhibition of NF-B activation on apoptosis. The turnover of gastric surface epithelial cells is fast, and apoptosis is a frequent event in a rapidly renewing epithelium. We therefore studied the concomitant effect of ethanol and heat shock pretreatment on the induction of apoptotic pathway by measuring caspase-3 activity. Ethanol dose-dependently increased caspase-3 activity (Fig. 4A ) after 2 h of exposure (Fig. 4A, inset) , suggesting induction of apoptosis. Inhibiting NF-B activation with NEMO-binding peptide further increased ethanol-induced increase in caspase-3 activity, whereas negative control NEMObinding peptide had no effect (Fig. 4A) . Reducing RelA (NF-B p65) expression (Fig. 3B) and thereby affecting the NF-B signaling pathway produced similar results to the inhibition of NF-B signaling (Fig. 4A) . These results suggest that NF-B activation might have antiapoptotic effects during ethanol exposure in RGM-1 cells. Heat shock pretreatment decreased 5% ethanol-induced caspase-3 activity from 3.3 Ϯ 0.3-fold to 2.0 Ϯ 0.3-fold of the control level (P ϭ 0.001) (Fig. 4B) , suggesting a protective role against apoptosis. In heat shock-pretreated epithelia, the NF-B inhibitor NEMObinding peptide had no significant effect on caspase-3 activity during 5% ethanol exposure (from 1.5 Ϯ 0.1 to 1.8 Ϯ 0.2 in the absence and presence of NEMO-binding peptide). In summary, these findings suggest that ethanol-induced activation of NF-B in RGM-1 cells protects against apoptosis. The heat shock-induced antiapoptotic effect against ethanol is not dependent on NF-B activation in RGM-1 cells, but heat shock proteins might mediate it.
Cell viability and plasma membrane integrity. To elucidate cell survival in ethanol-exposed epithelium and the possible effects of NF-B pathway inhibition and pretreatment with heat shock on it, we assessed the cell viability with tetrazolium salt-based assays. Ethanol affected cell viability in a concentration-dependent manner (Fig. 5) . Inhibition of NF-B activity with NEMO-binding peptide decreased cell viability significantly during 5% ethanol exposure compared with ethanol exposure either alone or with negative control NEMO-binding peptide (0.96 Ϯ 0.01, 0.90 Ϯ 0.015, and 0.96 Ϯ 0.02 for 5% ethanol, 5% ethanol ϩ NEMO, or 5% ethanol ϩ negative NEMO, respectively; n ϭ 11; Fig. 5A ). Reducing RelA expression reduced cell viability in epithelia exposed to 5% ethanol compared with nontransfected or nonfunctional siRNA-transfected epithelia exposed to 5% ethanol (Fig. 5A) . Heat shock pretreatment increased cell viability even under basal conditions in the absence of ethanol, suggesting increased mitochondrial activity in heat shock-treated epithelium. An increase in ethanol concentration decreased cell viability significantly in untreated epithelia (ANOVA, P Ͻ The cell membrane integrity was analyzed by measuring LDH release from cells. At 4 h of ethanol incubation, cell membrane damage rose dose-dependently (from 0.0 Ϯ 0.1% to 20.8 Ϯ 2.3% for 0% to 10% ethanol concentrations, respectively; P Ͻ 0.001; n ϭ 29; Fig. 6 ). High concentrations of ethanol (8% and 10%) led to severe cell membrane damage. However, in 8% ethanol-exposed epithelia, heat shock pretreatment alleviated this damage.
Expression of iNOS, COX-2, and heme oxygenase-1 after ethanol exposure. The expression of iNOS, COX-2 and heme oxygenase-1 were measured after 3 and 24 h of ethanol exposure with Western blots. Lipopolysaccharide-, IL-1␤-, and heat shock-exposed cells were used as positive controls for inducing the protein level expression of iNOS, COX-2, and heme oxygenase-1. Ethanol (5%) exposure did not induce iNOS or heme oxygenase-1 expression in gastric surface epithelial cells (data not shown), but COX-2 was moderately induced (Fig. 7) . Inhibition of COX-2 enzyme with CAY-14040 in ethanol-exposed epithelia further increased caspase-3 activity and further decreased cell viability compared with epithelia exposed to ethanol only (Fig. 8.) . However, CAY-14040 alone moderately decreased cell viability.
DISCUSSION
In many individuals, the gastric epithelium is frequently exposed to considerably high concentrations of ethanol; hence it is important to recognize gastric defense mechanisms against ethanol insult. We therefore investigated NF-B activation and the effects of heat shock protein activation in gastric surface epithelial cells during ethanol exposure. The roles of NF-B and HSF-1 activation are extremely complex in the maintenance and regulation of cell survival and cell death. Both factors have antiapoptotic and also proapoptotic functions depending on the functional state and activities of the cell, and they also contribute to gastric defense against various ulcerogenic agents (20) . The ethanol concentration range used in this study is easily reached after social and moderate drinking (7, 29) . Fig. 5 . Effects of NF-B inhibitor NEMO-binding peptide and heat shock pretreatment on cell viability in ethanol-exposed epithelium. Cell viability was measured with tetrazolium salt-based assay from RGM-1 cells grown to confluence. A: epithelia were pretreated with NF-B inhibitor NEMO-binding peptide, with its negative control binding peptide, transfected with RelA siRNA, transfected with nonfunctional siRNA, or left untreated. Thereafter the cells were exposed to different concentrations of ethanol, and after 4 h of incubation the cell viability was assessed (n ϭ 11). B: epithelia were either pretreated with 1 h heat shock at 42°C or left untreated, after which the epithelia were exposed to different concentrations of ethanol for 4 h (n ϭ 15). *P Ͻ 0.05 compared with Bonferroni correction against respective ethanol control or in respective negative control series (NEMO-binding peptide or nonfunctional siRNA series). . Inset: caspase-3 activity was followed temporally during 5% ethanol exposure (n ϭ 9). B: heat shock pretreatment decreased ethanol-induced caspase-3 activity (n ϭ 14). *P Ͻ 0.05 compared with Bonferroni correction to respective ethanol concentration in control series or in respective negative control series (NEMO-binding peptide or nonfunctional siRNA series).
The present findings indicate that ethanol concentrationdependently induces NF-B activation. This activation is calcium-dependent, since intracellular calcium-chelating agent BAPTA prevented ethanol-induced NF-B activation. Heat shock pretreatment also prevented NF-B activation, which may represent an alternative mechanism of defense of gastric mucosa against ethanol insult. We therefore further studied the apoptosis, cell viability, and cell membrane integrity in gastric mucosal cells exposed to ethanol. These studies have been performed with immortalized rat gastric mucosal epithelia, and hence the results should be confirmed with in vivo experiments.
Apoptosis can be divided into three different phases: initiation, signal transduction, and execution (24) . Ethanol exposure dose-dependently increased caspase-3 activity, which is activated in the execution phase of apoptosis and leads eventually to apoptosis. The inhibition of NF-B activation directly by NEMO-binding peptide or by reducing RelA expression with the siRNA technique increased ethanol-induced caspase-3 activityevenmoreanddecreasedcellviability,suggestingantiapoptotic action rather than induction of programmed cell death by NF-B activation. Ethanol-induced NF-B activation led to moderately increased COX-2 expression during ethanol exposure. On the other hand, the inhibition of COX-2 enzyme activity during ethanol exposure led to increased caspase-3 activity and decreased cell viability, suggesting a protective role of COX-2 during the ulcerogenic situation.
In this study, high concentrations of ethanol clearly caused a necrotic cell death rather than apoptotic cell death, because the cell membranes were profoundly damaged and cell viability was already severely affected during the first 4 h. Interestingly, pretreatment with heat shock was able to oppose necrotic cell death. Because ethanol is soluble to cell membranes and the plasma membranes are very permeable to it, and because ethanol probably affects plasma membrane fluidity, it would be tempting to suggest that the disruption of the plasma membranes results from a direct effect of ethanol on the plasma Fig. 6 . Assessment of cell membrane integrity. RGM-1 cells were grown to confluence, and cell membrane integrity was measured with a LDH-based assay. The epithelia were either pretreated with heat shock for 1 h at 42°C or left untreated, after which the epithelia were exposed to different concentrations of ethanol for 4 h. Ethanol induced membrane damage in both control and heat-shocked epithelia. *P Ͻ 0.05 compared with respective ethanol control (n ϭ 16). membrane structure. We have previously shown that the plasma membrane first becomes permeable to small marker molecules and thereafter to larger molecules, such as LDH, during the first minutes of ethanol exposure, probably demonstrating a direct fluidizing influence of ethanol on plasma membranes (17) . The present findings indicate that during exposure to low concentrations of ethanol (1-5%), cell membrane damage also increases dose-dependently in a heat shockpretreated epithelium. Obviously, the increasing ethanol concentration affects the plasma membrane directly, but in the wake of the increasing ethanol concentration other necrotic processes in the cells also emerge, which can be counteracted with heat shock pretreatment.
We have recently shown that ethanol exposure moderately increases intracellular free calcium concentration in primary cultured rabbit gastric surface epithelial cells (18) and in immortal RGM-1 cells (17) . In these studies, inhibition of calcium signaling either totally with BAPTA or partially with specific inhibitors [3,4,5-trimethoxybenzoic acid 8-(diethylamino)octyl ester to inhibit intracellular calcium release and lanthanum to block plasma membrane calcium channels] also inhibited the target actions under investigation in these studies, i.e., opening of basolateral potassium ion channels with resultant cell volume shrinkage and closure of gap-junctional channels. It is noteworthy that the effects described above are relatively fast, occurring within a few minutes after ethanol exposure (16 -18) , whereas NF-B activation following ethanol exposure requires a few hours, as shown by the present study, but it also seems to be dependent on calcium signaling. Overall, calcium signaling seems to be crucial in many aspects of gastric defense against ethanol insult.
Large doses of ethanol induce heat shock protein synthesis in gastric mucosa (12, 22, 28) , and pretreatment with heat shock promotes a protective action against ethanol-induced damage (26) . Furthermore, heat shock or ethanol pretreatment inhibits spontaneous apoptotic DNA fragmentation in the cultured guinea pig gastric mucosal cells (27) , and pretreatment with low doses of ethanol also prevents ethanol-induced apoptosis (26) . Helicobacter pylori infection may contribute to the protection against ethanol-induced damage, since injection of Helicobacter-derived lipopolysaccharide into rats induced iNOS, COX-2, and HSP70 synthesis in gastric mucosa, thereby increasing gastric mucosal resistance against ethanol insult and water immersion stress (4). Heat shock proteins have a multifunctional role in the control of apoptosis. These proteins are mainly known to exert antiapoptotic actions, but in some instances they might even promote apoptosis. For example, HSP90 is necessary for apoptotic signal propagation from the plasma membrane to cytoplasm in TNF-␣-induced apoptosis in a monoblastoid cell line (U937) (24) . In the present study, a short-term (3 h), low-dose (5%) exposure to ethanol did not induce synthesis of heat shock proteins. Presumably, induction of heat shock protein synthesis by ethanol requires a longer exposure time and/or higher ethanol concentration, after which it might contribute to adaptive cytoprotection against repeated ethanol-induced damage. The adaptive cytoprotection is a complex phenomenon but has been demonstrated previously, e.g., with repeated ethanol exposure in gastric mucosa (6, 8, 11) .
In conclusion, our findings indicate that ethanol exposure activates the NF-B pathway and a moderate increase in COX-2 expression, plausibly with the aim of generating defensive mechanisms, which lead to decreased apoptotic signaling. This protection mechanism was overcome by induction of heat shock proteins with heat shock pretreatment, which opposes ethanol-induced caspase-3 activation as well as cell membrane damage, thereby presumably protecting gastric mucosa against ethanol injury.
